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ABSTRACT 
 
There is a notion that in carbonaceous materials the sp3 hybridised fraction determines 
the mechanical properties, while the sp2 fraction controls the electro-optical 
properties. We investigated a narrow range of a-C:H films synthesised in an open 
hydrocarbon plasma source. The a-C:H films displayed unambiguous variation in 
mechanical properties as measured by nanoindentation measurements. However the 
proportion of sp3 constituent, determined using X-ray C1s core-level photoelectron 
spectroscopy and Fourier transform infrared spectroscopy, was found to be essentially 
the same for all studied samples. The Tauc gap was found to be controlled by the 
perturbation of the π tail states of sp2 phase and its magnitude varied inversely with a 
surface conduction gap determined by scanning tunnelling microscopy measurements. 
These results indicate that mechanical properties of a-C:H films are also influenced 
by the degree of disorder of the sp2 fraction, as characterised by bond saturation and 
symmetry. 
 
 
1. INTRODUCTION 
 
Amorphous hydrogenated carbon (a-C:H) films have been the subject of intensive 
studies over the last two decades because of their attractive mechanical, chemical and 
opto-electronic properties. It was determined that mechanical properties of a-C:H as 
hardness, Young’s modulus and density depend strongly on the hydrogen content and 
the sp3/sp2 hybridisation ratio [1, 2]. These parameters can vary significantly for 
different deposition conditions or fabrication methods [3]. Extensive research on a-
C:H established a consensus that the sp3 fraction determines mechanical properties, 
while the sp2 fraction controls the optical and electronic properties, and the sp3 
fraction increase corresponds to a wider band gap. The variable band is attributed to 
conduction over the σ – σ* gap of sp3 phase that is considerably wider that of the π - 
π* gap of sp2 phase. It has been predicted, but rarely observed [4-6] that carbon films 
with effectively the same amount of sp3 fraction but with the sp2 fraction with varying 
degrees of disorder can have different physical properties. Usually this phenomenon 
occurs for carbon coatings deposited at high temperatures or after post deposition 
treatments like thermal annealing or low dose ion implantation. However, such an 
effect has not previously been observed to occur in situ or during a low temperature 
plasma deposition.  
In this work we show that for specific deposition conditions the mechanical properties 
of fabricated a-C:H films depend solely on the configuration of the sp2 fraction and 
not on the sp3 constituent. 
 
 
2. EXPERIMENTAL DETAILS   
 
The linear inductively coupled plasma reactor operating on Ar/CH4 mix and described 
in detail elsewhere [7], was used to deposit a-C:H films on Si <100> substrate. Prior 
to deposition all substrates were sputter cleaned in Ar plasma at bias voltage of -300 
V for 5 minutes. The vacuum level was 0.07 Pa during the 4 hour deposition. The 
direct current substrate bias voltage was varied between -250 V to -400 V in 50 V 
increments at 0.4 A current. The temperature on the surface of the film during 
deposition was approximately 400 ± 10 K.  
An AEI Quanta 200 scanning electron microscope was used to examine the surface of 
the films and their cross-sections. Film thickness was found to be 9.00 ± 0.02 µm for 
all samples The surface roughness, measured by atomic force microscopy, was less 
than 10.0 nm for all samples.  
X-ray C1s photoelectron spectroscopy (XPS) measurements were performed using a 
Kratos Ultra photoelectron spectroscope with a monochromated Al Kα 1486.6 eV X-
ray source. The constant pass energy was set at 50 eV, the total experimental 
resolution was 0.50 ± 0.01 eV, and the number of sweeps was 4. There was no surface 
charging during the measurements. 
The sp2 and sp3 group bonding was examined using a Nicolet Nexus Fourier 
transform infrared spectrometer (FT-IR) spectrometer in the range of 650 – 4000 cm-
1.  The Tauc gap values were derived by extrapolating an absorption curve obtained 
over the measurement range of a Nicolet Nexus near infrared (N-IR) spectrometer. 
Scanning Tunnelling Spectroscopy (STS) was used to determine surface conduction 
gap employing NT-MDT Solver microscope. For STS measurements the tunnelling 
current was approximately 0.3-0.7 nA and the sample bias was 1.5-4 V. The finite 
horizontal part on I-V curve at I = 0 nA was used to calculate the band gap of a-C:H 
samples. 
Hardness, H, Young’s modulus, E, and relative load propagation, dP/dh, were 
measured using a UMIS 2000 Ultra Micro-Indentation System. The maximum 
indentation load used was 6 mN, starting from 2 µN with 0.01 mN increments. The 
analysis of the load-displacement data was based on Oliver-Pharr method [8] using 
Berkovich indenter. Each load/unload cycle was performed with 20 unload 
increments and the dwell on load/unload was 0.5 seconds. The distance between each 
testing point was 20 µm and the total examined area for each sample was 225 mm2. 
Corrections for thermal drift, initial penetration depth, instrument compliance, and 
non-ideal indenter geometry were used. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1 MECHANICAL PROPERTIES OF THE FILMS 
 
The Si substrate hardness was measured prior to conducting a-C:H tests and was 
found to be 13.2 ± 0.1 GPa. The relationship between hardness and penetration depth 
for samples fabricated at different bias is shown on Fig. 1. The relationship between 
Young’s modulus and penetration depth is shown on Fig. 2. The mean penetration 
hardness Hn, was 1.60 GPa ± 0.02 GPa. The total penetration depth was less than 6 
µm for all 9 µm thick films, as indicated on Fig. 1 and Fig. 2. The films fabricated at -
250 V displayed hardness of 15.2 ± 1.1 GPa and films deposited -400V were 18.6 ± 
1.1 GPa. The Young’s modulus was 174 ± 3 GPa and 190 ± 3 GPa for films 
fabricated at -250 V and -400 V respectively. A bimodal response of the sample to an 
applied load is demonstrated in Fig. 1 and Fig. 2 where the incrementally rising slope 
of the main curve at low indentation depths corresponds to the elastic response of the 
sample, whereas a horizontal slope of the main curve relates to the plastic 
deformation. The values for H and E were determined at a penetration depth of less 
than of 1.8 µm in compliance with 15-20% penetration depth rule [9, 10]. The 
relationship between the load propagation dP/dh and the combined Young’s modulus 
for a unload cycle is defined as  
 
απ tanh
2E2
dh
dP
t
*=      (1) 
 
where dP/dh  is a load propagation, tan α is the slope of the unloading curve, E* is the 
combined Young’s modulus of the indenter and the sample and ht is the penetration 
depth.  
The relationship between relative load propagation and penetration depth for samples 
fabricated at different bias is shown in Fig. 3. Fig. 3 shows that dP/dh at the initial 
point of contact for samples fabricated at high bias (-400 V) is higher than samples 
deposited at low bias (-250 V). At a depth of 6 µm, dP/dh is the same for all samples 
examined and the substrate effect is observed as a result of indentation load transfer 
through the film as shown above in Fig. 1 and Fig. 2. Hardness, Young’s modulus and 
H/E ratio results for examined a-C:H films are summarised in Table 1. The H/E ratio 
increased by a small amount for films deposited at higher bias (>- 350 V). The ratio 
H/E is 0.1 for most materials and is the ratio observed for natural diamond [11]. The 
ratio H/E involves hardness, which is directly related to the density and the elastic 
modulus, which is a measure of interatomic bonding forces. The elastic modulus E, is 
proportional to the slope of the interatomic force-separation curve at the equilibrium 
spacing [12]. Therefore, the ratio H/E is attributed to a physical response of an atomic 
lattice to an external force and relates to the bulk fracture strength. The H/E ratio was 
found to be slightly higher for films fabricated at higher bias which indicates that 
these films have elevated level of inter-domain stress and the presence of stress 
raisers. The values for hardness and Young’s modulus obtained in our experiments 
were found to be in good agreement with results reported by other researchers [1, 13, 
14].  
 
 
3.2 X-RAY C1s PHOTOELECTRON SPECTROSCOPY 
 
The analysis is performed by decomposition of the C1s core binding energy (BE) 
spectra onto two constituent functions corresponding to sp2 and sp3 hybridised states 
[15, 16]. The C1s peak shifted by a small amount of 0.07 eV to higher BE from 284.58 
V to 284.65 eV for samples fabricated at higher bias. Due to environmental oxidation 
two additional peaks were introduced into the fitting of the main C1s spectra. These 
are: the single C-O bond at 286.6 eV; and the double C=O bond at 287.7 eV [17, 18]. 
After subtracting the Shirley background the sp2 and sp3 peaks we fitted with Pearson 
VII function. A Pearson value M of 4 was used for sp2 and sp3 fractions and Gaussian 
lineshape was used for C-O and C=O peaks. The deconvolution of a-C:H film XPS 
C1s spectra is presented in Fig. 4, and the parameters of the fit for each sample are 
given in Table 1. The sp3/sp2 ratio was calculated based on integrated peak areas for 
the two hybridised function lines, and it was 0.281 for low bias (-250 V) and 0.285 for 
high bias (-400 V) samples. The essentially identical sp3/sp2 ratio indicates that there 
was no bias induced change in the sp3 fraction in the a-C:H samples examined. The 
sp2 peak position moved downward from 284.63 to 284.59 eV for higher substrate 
bias. The BE of the sp3 fraction was unchanged within the limit of error from 285.47 
to 285.50 eV for high bias films. The increase in the binding energy separation 
between the sp2 and sp3 constituents, ∆BE (=BEsp3 - BEsp2), changed from 0.86 to 0.91 
eV, which is not significant given the uncertainties. The increase of ∆BE for samples 
fabricated at higher bias indicates that the full width at half maximum of sp3 
hybridised state is larger than of the sp2 state and the structural disorder broadens the 
core level shift. The observed values of ∆BE were found to be within a range 
presented in the recent publications [15, 19].  
 
 
3. 2 STRUCTURAL CHARACTERISATION OF a-C:H SAMPLES USING FT-IR 
SPECTROSCOPY 
 
Infrared (IR) absorption spectra ware obtained for all deposited a-C:H films. The IR 
spectra were examined in the 2700-3200 cm-1 region of C-H stretching modes and in 
the 1000-1700 cm-1 region corresponding to C-C and C-H bending and rotational 
modes [1, 20-22]. The assignments of C-H stretching modes in the 2700-3200 cm-1 
region is summarised in Table 2. The decomposed IR absorption spectra of the 2700-
3200 cm-1 region for a-C:H samples fabricated at -250 V and -400 V is shown in Fig. 
5. The Gaussian lineshape was used in the fitting and C-H groups were analysed 
based on the relative peak area contributions; the uncertainty in peak position was ± 
0.25 cm-1. The results of spectral deconvolution are shown in Table 3. There was a 
strong increase from the sp2 groups at 3130 and 2995 cm-1 at higher bias due to bond 
saturation, and a weak increase of the sp3 secondary groups at 2920 and 2855 cm-1. 
The asymmetric sp2 groups positioned at 3085 and 3035 cm-1 decreased, while the 
unsaturated CH2 peak at 3085 cm-1 reduced to a negligible amount of 0.7 % at high 
bias. The main –CH3 sp3 peak at 2975 cm-1 decreased strongly at higher bias. The 
overall increase of the sp2 groups saturation and, in particular, saturation of the =C-H 
group is caused by incoming C atoms of higher energy at higher bias and, due to 
subsequent increased rate of etching by incoming H ions. This also applies to the 
symmetric sp3 =CH2 group. In a-C:H all sp3 groups are hydrogenated, but many of 
the sp2  sites are often not [23], therefore additional information about film 
morphology is needed .  This was obtained from spectra below 1700 cm-1. The NIR 
absorption spectra in 1050-1700 cm-1 region is shown in Fig. 6. However, detailed 
analysis of these spectra was not possible due to the presence of overshadowing 
absorption bands positioned at 1400-1550 cm-1 and above 1650 cm-1 region. This 
unresolved spectral disturbance in these regions corresponds to a band gap frequency 
of a-C:H films as will be shown in Chapter 3.3. Therefore, some contributions from 
exciton induced frequencies are seen. Fig. 6 shows that contributions from the sp2 
C=C unhydrogenated group positioned at 1600 cm-1 increased with increasing bias 
indicating the increase of disorder of the sp2 fraction such as de-aromatisation. Peaks 
positioned in a low resolution 1400-1550 cm-1 region are attributed to the important 
sp3 CH3 and CH2 olefinic groups. It is difficult to make an unambiguous conclusion 
over change in peaks intensities with changing bias. The contributions from the 
olefinic sp2 C-H group positioned at approximately 1300 cm-1 increased with 
increasing bias. The band centred at 1100 cm-1 [22] indicates that all films studied are 
oxidised to some extent. The analysis of 1050-1700 cm-1 region complemented the 
information obtained from 2700 – 3200 cm-1 region.  In summary, increased bias 
during deposition contributed to the process of de-hydrogenation of both the sp2 and 
sp3 phases which results in a-C:H films fabricated at higher bias having a much 
higher degree of bond disorder, expressed as saturation and asymmetry. 
 
 
3.3 BAND GAP MEASUREMENTS 
 
Using optical spectroscopy measurement of the films the Tauc gap [24] Et, was 
empirically obtained from the relation 
 
( ) ( )tEhBh −= υυα 2/12/1    (2) 
 
where, hυ is the photon energy, α is the absorption coefficient and B is a constant.  
STS was used to obtain a surface conduction gap of the uppermost surface layer of a-
C:H films. Fig. 7 shows the relationship between the Tauc gap, Et derived from using 
NIR spectral data, the surface conduction gap, Esc, measured using STS, and the 
negative substrate bias during deposition. Fig. 7 clearly shows that the Tauc gap 
decreases with increasing bias. The band gap in amorphous carbons is controlled by 
the π – π* gap of the sp2 phase and wider σ - σ* gap is attributed to sp3 phase. 
Generally, the decrease of the sp2 fraction widens of the band gap as π states become 
positioned further apart from the Fermi level [25, 26]. The IR analysis indicated that 
there was a small increase in contributions from some sp3 type groups with increasing 
bias. The presented contrariety between the values for Tauc gap and the surface 
conduction gap can be explained as follows. The Tauc gap is measured over the bulk 
of the film and the decrease of Tauc gap at higher bias can be attributed to the 
appearance of tail π states due to the state perturbation. The perturbation narrows the 
π - π* gap since it becomes controlled not just by the amount of the π states but the 
degree of the π state disorder. Lower Tauc gap in a-C:H films fabricated at higher 
bias shows that the sp2 fraction arrangement can change independently to the sp3 
fraction. The surface conduction band gap widened with the increase of bias which 
indicates the increased conduction of the sp2 rich uppermost layer. However, the 
uppermost layer of the film that is a few nanometers thick is not affected by the 
density of states changes in the bulk. The changes in layer electrical conduction 
reflect the changing energy of the incoming C ions and the energy of C ions is higher 
at higher negative bias.  
 
 
4. SUMMARY AND CONCLUSION 
 
We have demonstrated that a narrow range of hard a-C:H films fabricated using in an 
open-source plasma reactor have unambiguously varying mechanical properties as 
confirmed by nanoindentation measurements. The a-C:H films deposited at higher 
bias displayed higher mechanical properties.  In the preceding work [27] visible and 
UV Raman spectroscopy were used to monitor the configuration of the sp3 and the sp2 
constituents. It was found that with increased bias the sp3 fraction essentially was not 
changed but disorder of the sp2 fraction increased. The IR analysis performed herein 
showed that contributions from the primary –CH3 sp3 group decreased significantly in 
samples fabricated at higher bias. The contributions from the secondary =C-H and 
=CH2 sp3 groups increased moderately at higher bias. We attribute these changes to 
the process of de-hydrogenation which is controlled by the bias of both the sp2 and the 
sp3 fractions which results in the higher degree of bond disorder in a-C:H films as 
saturation and asymmetry. Tauc gap was found to decrease in a-C:H samples 
fabricated at high bias due to emergence of localised tail states in the sp2 π - π* states. 
The STS determined surface conduction band gap increased with high bias. That was 
attributed to the increased energy of incoming C ions at higher bias voltage 
contributing to the transition from narrow π to wider σ gap states. The present work 
suggests that mechanical properties of a-C:H films (hardness and Young’s modulus) 
are not only determined by the amount of the sp3 bonding but also are influenced by 
the degree of the sp2 bonding arrangement.  
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Table 1. Results for nanoindentation and XPS C1s measurements for samples 
produced under various bias. 
 
 
 
 
 
 
Bias, 
V 
Hardness, 
± 1 GPa 
Young’s 
modulus, 
± 3 GPa 
E
H
 
ratio 
C1s, 
eV 
sp2, 
± 0.02 
eV 
sp3, 
± 0.02 
eV 
sp3/sp2, 
± 0.018 
sp3 - 
sp2, 
± 0.03 
eV 
- 250 15.2 174 ~ 0.09 284.58 284.63 285.47 0.281 0.86 
- 300 15.6 180 ~ 0.09 284.60 284.62 285.47 0.282 0.87 
- 350 18.0 187 ~ 0.10 284.65 284.62 285.49 0.284 0.87 
- 400 18.6 190 ~ 0.10 284.65 284.59 285.50 0.285 0.91 
 
 
 
 
 
 
 
 
 
 
Table 2. Assignments of a-C:H IR vibrational frequencies in the 2700-3200 cm-1 
region; C-H stretching vibrations.  
 
Assignment Frequency, 
cm-1 State Group Arrangement Symmetry 
3130 sp2 C=C-H unsaturated aromatic asymmetric 
3085 sp2 CH2   unsaturated olefinic asymmetric 
3035 sp2 =C-H   saturated aromatic asymmetric 
2995 sp2 =C-H   saturated olefinic symmetric 
2975 sp3 -CH3  saturated olefinic asymmetric 
2920 sp3 =C-H and =CH2   saturated olefinic asymmetric 
2855 sp3 =CH2   saturated olefinic symmetric 
 
 
 
Table 3. Calculated relative peak areas, % of constituent C-H stretching groups in 
2700-3200 cm-1 region.  
 
 
Sample 
3130 cm-1 
sp2 
3085 cm-1 
sp2 
3035 cm-1 
sp2 
2995 cm-1 
sp2 
2975 cm-1 
sp3 
2920 cm-1 
sp3 
2855 cm-1 
sp3 
-250 V 2.8 9.9 10.7 7.8 6.9 38 23.9 
-300 V 3.3 5.5 9.6 8.8 5.7 42.1 25 
-350 V 4.3 4.1 5.8 9.3 4.6 46 25.9 
-400 V 4.5 0.7 4.9 10.8 3 48.8 27.30 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Hardness as a function of penetration depth for samples deposited at -400 V 
and -250 V negative bias. The Si <100> substrate hardness (13.2 GPa) and the mean 
surface hardness Hn, are indicated by horizontal lines.  
 
Fig. 2. Young’s modulus as a function of penetration depth for samples deposited at -
400 V and -250 V negative bias. The Si <100> substrate E modulus (145 GPa) and the 
mean surface young’s modulus Eo, are indicated by horizontal lines.  
 
Fig. 3. Load propagation dP/dh vs. penetration depth h, for a-C:H samples deposited 
at different bias. 
 
Fig. 4. The deconvolution of the XPS C1s spectrum of an a-C:H film deposited at a 
substrate bias of –400 V. 
 
Fig. 5 The IR deconvoluted absorption spectra of the 2700-3200 cm-1 region for a-
C:H samples deposited at -250 V and -400 V. 
 
Fig. 6. Comparative N-IR absorption spectra in the 1050-1700 cm-1 region for a-C:H 
samples deposited at -250V and -400 V bias. 
 
Fig. 7. The variation of the Tauc, Et and surface conduction gap, Esc with bias voltage 
for examined a-C:H films.  
 
Table 1. Results for nanoindentation and XPS C1s measurements for samples 
produced under various bias. 
Table 2. Assignments of a-C:H IR vibrational frequencies in the 2700-3200 cm-1 
region; C-H stretching vibrations.  
 
Table 3. Calculated relative peak areas, % of constituent C-H stretching groups in 
2700-3200 cm-1 region.  
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Fig. 1. Hardness as a function of penetration depth for samples deposited at -400 V 
and -250 V negative bias. The Si <100> substrate hardness (13.2 GPa) and the mean 
surface 
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Fig. 2. Young’s modulus as a function of penetration depth for samples deposited at -
400 V and -250 V negative bias. The Si <100> substrate E modulus (145 GPa) and the 
mean surface young’s modulus Eo, are indicated by horizontal lines.  
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Fig. 3. Load propagation dP/dh vs. penetration depth h, for a-C:H samples deposited 
at different bias. 
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Fig. 4. The deconvolution of the XPS C1s spectrum of an a-C:H film deposited at a 
substrate bias of –400 V. 
 
 
 
 
 
 
 
 
 
 
  
Fig. 5 The IR deconvoluted absorption spectra of the 2700-3200 cm-1 region for a-
C:H samples deposited at -250 V and -400 V. 
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Fig. 6. Comparative N-IR absorption spectra in the 1050-1700 cm-1 region for a-C:H 
samples deposited at -250V and -400 V bias. 
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Fig. 7. The variation of the Tauc, Et and surface conduction gap, Esc with bias voltage 
for examined a-C:H films.  
 
